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INTRODUCTION 
The field of separations is one of the fastest growing 
and most exciting of all the fields in analytical chemistry. 
Chromatography, in particular, has enjoyed a phenomenal 
growth in the last twenty-five years. The importance of 
chromatography is shown by a recent survey listing the 
chosen specialties of practicing analytical chemists. 
Chromatography ranked second in this survey (1). Chroma­
tography now makes it possible to separate complex samples 
simply and quickly. It has largely replaced many of the 
older methods, such as precipitation and distillation, as 
a means of separation. 
In this dissertation two different column chromatographic 
systems for the separation of inorganic cations are examined. 
One uses partition chromatography to separate simply, rapidly, 
and selectively uranium (VI) from many other metals. The 
other system employs cellulose phosphate as a chelating 
ion exchanger. This exchanger performs many separations 
rapidly and easily, which until now, were difficult and 
time consuming. 
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PART I. SEPARATION OF URANIUM FROM OTHER 
METALS BY PARTITION CHROMATOGRAPHY 
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INTRODUCTION AND LITERATURE SURVEY 
With the advent of atomic energy, uranium advanced from 
a laboratory curiosity to an element of commercial importance. 
Since that time, many processes have been developed for the 
separation and purification of uranium. An excellent review 
has been written by Culler on the solvent extraction proces­
sing of uranium fuels (2). The Redox process employs a 
methyl isobutyl ketone (MIBK) - aluminum nitrate - nitric 
acid system, while the Purex process uses a tributyl 
phosphate (TBP) - nitric acid system. MIBK and TBP seem 
to be the two most popular extractants, although liquid 
anion exchangers and phosphine oxides have been gaining 
in popularity. 
On an analytical scale, many solvent extraction systems 
have been used for the separation and analysis of uranium 
and its contaminants (3,4,5,6,7). Extensive work has been 
done by Maeck, Booman, Kussy and Rein on the extraction of 
quarternary amine complexes into MIBK from different systems 
(8). Many other workers have used chromatographic methods 
in which only an appreciable difference in extractability of 
the components is needed. Paper chromatographic separations 
(9,10,11) and thin layer chromatographic separations with 
silica gel as the support have been carried out (12,13). 
Two interesting reversed-phase chromatographic separations 
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of uranium from other elements using a tributyl phosphate-
nitric acid system have been reported (14,15). Di-(2-ethyl-
hexyl) orthophosphoric acid (HDEHP) has been used to separate 
trace amounts of several elements from uranium (16). Most 
separations using liquid-liquid partition chromatography 
have employed cellulose columns with nitric acid and various 
organic solvents as the eluting agents (17,18,19,20). Hara 
separated uranium (Vl) from several other metal ions by 
elution with 1 °/o nitric acid in ethyl ether from a 
specially prepared silica gel column (21). 
Although uranium is separated from many metals using 
these systems, they all possess some definite disadvantages. 
Most of the solvent extraction systems require the use of 
a salting-out agent, such as aluminum nitrate, in order to 
achieve high enough batch distribution coefficients to 
extract the uranium quantitatively. This salting-out agent 
often interferes in the analysis of the metal ion separated 
from uranium. In the chromatographic systems which employ 
tributyl phosphate or di-(2-ethylhexyl) orthophosphoric acid, 
thorium is coextracted with the uranium and the uranium is 
quite difficult to back-extract from the tributyl phosphate. 
The other chromatographic systems mostly employ eluants 
consisting of ethers and aqueous nitric acid. These systems 
are quite unstable and not all metals are readily soluble 
in these eluants. Therefore, it was felt that a definite 
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need existed for a simple, rapid, and selective method for 
the separation of uranium from all other metals that commonly 
occur with it. In order to fill this need, the present 
work was undertaken. 
In this system, uranium (VI) is separated quantitatively 
from other metals using a silica gel column treated with 6 M 
nitric acid. Uranium (VI) is eluted quickly and selectively 
from the column with MIBK. The metal ions remaining on the 
column can be readily eluted with 6 M nitric acid or water 
and determined without difficulty by standard analytical 
methods. 
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SOME THEORETICAL ASPECTS OF 
PARTITION CHROMATOGRAPHY 
Chromatography is a means of separating a mixture into 
its components. It can be used for analytical separations, 
research methods and preparative procedures. All chromato­
graphic procedures involve the movement of a sample of the 
mixture through a column or the physical equivalent of a 
column. The mixture may be a liquid or a gas. The column 
contains a stationary phase which may be a solid sorbent 
or a liquid partitioning agent on a solid support. The 
sample is moved through the column by a gas or liquid which 
is referred to as the mobile phase. The selective retar­
dation by the stationary phase causes components of the 
mixture to move at different rates and thus they form 
definite bands. Chromatographic separations are divided 
into classes according to the nature of the stationary phase 
and mobile phase. These classes can be further divided 
into groups depending on the means of column operation. 
The common methods of operation are elution development, 
gradient elution development, frontal analysis and displace­
ment analysis. The following discussion will be concerned 
with liquid-liquid partition chromatography using elution 
development. Liquid-liquid partition chromatography can 
be thought of as solvent extraction applied to chromatographic 
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methods. There are several good books and reviews on solvent 
extraction (22,23,24) and therefore it will not be discussed 
here. 
One of the most popular theories to explain the behavior 
of the chromatographic column is the plate theory which was 
first introduced by Martin and Synge (25) and expanded by 
later authors such as Mayer and Tompkins (26). In the theory 
of Martin and Synge, the column is thought of as containing 
discrete units called plates in which equilibration takes 
place somewhat analogous to an individual unit of a Craig 
countercurrent apparatus. Information on the theory and 
applications of a Craig countercurrent apparatus is given 
in Berg (27). 
Chromatographic systems are classified according to 
the distribution isotherm, either linear or non-linear, 
and according to the type of chromatography, either "ideal" 
or "non-ideal". In "ideal" chromatography, the exchange 
process is thermodynamically reversible; the equilibrium 
between particles and fluid is immediate; and the longitudi­
nal diffusion and other processes having a similar effect 
are ignored. Although elution partition chromatography is 
a linear "non-ideal" system, the mathematics are simplified 
by assuming ideality. In the linear "ideal" system, a 
Gaussian curve should result as the elution curve. From 
this curve, it is possible to calculate the number of 
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theoretical plates (n) using the equation 
n.l6(j) (1) 
Where w is the width of the curve found by extending 
tangents from the inflection points of the elution curve 
to the base; is the elution volume of the maximum con­
centration of the solute or also known as the retention 
volume. It is also possible to determine n if either the 
volume at the point the elution curve begins (V^) or the 
volume at the point the elution curve ends (V„) and the 
•U £ 
width of the elution curve (w) are known using the equations 
n - + 2) ^ (2) 
The retention volume (V^) can be calculated using the 
equation 
= & + A ^ 8 ' (4) 
if the mobile phase volume (Vg), the stationary phase 
volume (Vg), and the distribution coefficient (D) are known. 
Glueckauf (28) proved that the use of Equation 1, p. 8, 
would lead to erroneous results because it is based on a 
discontinuous operation which would lead to sharper bands 
and better separations than are actually found because the 
•é 
flow of the solution is continuous. Taking this into account, 
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G]ueckauf formulated a new equation for the number of plates 
in a column, 
(5) 
P 
where p represents the width of the elution curve at the 
point of concentration c. equal to ^ which is equal 
to 0.368 c and V„ is the retention volume. Knowing the ili&X Jtv 
number of theoretical plates, calculated from Equation 1, 
p. 8, or 5, p. 9, and the column length, it is possible to 
calculate the H.E.T.P. (height equivalent to a theoretical 
plate). However, these equations will give the true H.E.T.P. 
only when a very small sample volume is used. The allowable 
sample volume can be determined from the equation 
— < . (6) 
X 
The original band width is XQ and X is the column volume. 
This equation means that the better the column performance 
(large n), the smaller must be the original band; so that 
good performance is not upset because of the starting width 
of the sample band. However, since it is not always possible 
to use such small samples, a larger sample can be used and 
an "effective" H.E.T.P. can be calculated. By using several 
different sample sizes and plotting the "effective" H.E.T.P. 
for each against sample volume, it is possible to obtain the 
height equivalent to a theoretical plate at zero sample 
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volume, (H.E.T.P.)Q, by extrapolating back to zero volume (29). 
It must be remembered that the H.E.T.P. is only valid for that 
particular element and eluting conditions because its value 
will change with different values of the distribution ratio. 
In the actual case, a "non-ideal" system exists, so 
more comprehensive theories have been advanced. Van Deemter, 
et al. (30) have advanced the rate theory as an alternative 
to the plate theory. In this theory, the band broadening is 
due to longitudinal diffusion (eddy and molecular) and to 
the finite rate of mass transfer. Taking these effects into 
account, Van Deemter derived his well known equation 
The terms of this equation equal the following: H is the 
height of a theoretical plate (H.E.T.P.); A. is a measure of 
packing irregularities; dp is the diameter of the support 
particle; 7 is the tortuosity constant; is the diffusion 
constant of the sample in the mobile phase; v is the 
velocity of the mobile phase; k is the partition coefficient, 
djg is the film thickness of the immobile phase; and is 
the diffusion constant of the sample in the stationary phase. 
The rate theory predicts that the number of theoretical 
plates in a column is inversely proportional to the velocity 
H = 2 Xdp 4- 2 Y D^/ ^ + (7) 
7r"^ (l-k)^ Di 
longitudinal n 
diffusion 
(eddy) (molecular) 
on-equilibrium 
effect 
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of the mobile phase. If nonequilibrium or stochastic 
broadening was the only effect, the column would become 
infinitely efficient as the velocity of the mobile phase 
approached zero. However, longitudinal diffusion must be 
taken into account and therefore the curve resulting from 
plotting the velocity of the mobile phase against the 
efficiency of the column has a maximum. None of these 
conclusions can be obtained from the plate theory. New 
extensions of the rate theory have been advanced by 
Giddings (31), but they will not be discussed. 
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EXPERIMENTAL 
Reagents 
Inert supports 
Standard chromatographic silica gel was sieved to 60-80 
mesh and to 80-120 mesh and washed repeatedly with 6 M 
hydrochloric acid until no evidence of iron was present. 
It was then washed with distilled water, with 95 °/o ethyl 
alcohol and dried in an oven at 110°C for 24 hours. An 
80-100 mesh silica gel fraction was sieved from Whatman 
silica gel SG34 and prepared as described above. 
Organic eluant 
The eluant was Eastman reagent grade methyl isobutyl 
ketone (MIBK), equilibrated with aqueous 6 M nitric acid 
by shaking for 1 min. in a separatory funnel. 
Aqueous stationary phase 
The 6 M nitric acid was prepared and equilibrated with 
MIBK by shaking 1 min. in a separatory funnel. The 6 M 
nitric acid was equilibrated before each group of 
separations. 
Metal ion solutions 
The 0.1 M uranium (VI) nitrate solution was prepared 
from reagent grade g ' 6.5 HgO and kept in 1 °/o 
nitric acid. The other 0.1 M metal ion solutions were 
prepared by dissolving reagent grade nitrate or chloride 
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salts in water with sufficient acid present to insure 
complete dissolution and prevent hydrolysis. 
Titrants and precipitant 
The 0.1 N sulfatoceric acid was prepared from primary 
standard ammonium hexanitratocerate and standardized against 
arsenious oxide (32^ p. 274). The 0.05 M ethylenediaminetetra­
acetate was prepared from the reagent grade disodium salt and 
standardized against standard zinc (II) solution using 
naphthyl azoxime S (NAS) as the indicator (33). The 
precipitant 8-hydroxyquinoline (Baker Analyzed) was used 
without further purification. 
Apparatus 
Columns 
Conventional 1 x 15 cm., coarse frit, chromatographic 
columns with teflon stopcocks were used for all separations 
except the larger scale separation, in which a coarse frit, 
3.1 X 31 cm. column was used. In the separations using 
80-100 mesh silica gel, the flow rate of the eluant was 
regulated with compressed air. A one hole rubber stopper 
with a short piece of glass tubing through it was inserted 
at the top of the column. This tubing was connected to a 
Koby air filter by means of tygon tubing. The Koby air 
filter was connected to the compressed air through a Johnson 
regulator, which was used to control the air flow. 
• 
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pH meter 
A Beckman Zeromatic pH meter with a Beckman general 
purpose electrode and a Beckman standard calomel electrode 
was used to control the pH in all EDTA titrations. 
Scintillation counter 
A Nuclear-Chicago scintillation counter model DS5 
with a 3" X 3" sodium iodide crystal was the detector; a 
Nuclear-Chicago recording spectrometer, model 1820, isolated 
the gamma emission of Fe^^; and a decade scaler counted the 
pulses received from the spectrometer. 
Spectrophotometer 
A Beckman B spectrophotometer was used to determine the 
trace amount of copper using the color of the diethyldithio-
carbamate - copper (II) complex. 
Analytical Procedures 
Column packing 
A sufficient amount of silica gel for four columns was 
slurried with 6 M nitric acid equilibrated with MIBK. The 
slurry was added to the columns with gentle tapping of the 
columns to insure uniform packing. The excess 6 M nitric 
acid above the gel was drained off. 
Separation procedure A 
The samples, each of which contained 306.6 ijmoles of 
uranium (VI) plus another metal ion, were evaporated to a 
volume of 1 to 2 ml. This evaporation usually made the 
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sample 2 to 3 M in nitric acid; if not, additional nitric 
acid was added to bring it to 3 M. Before adding the sample, 
2 to 5 ml. of dry silica gel were added to the top of each 
column to insure better sorption. The samples were trans­
ferred to each column using equilibrated MIBK at a flow rate 
of 0.8-1.1 ml./min. The complete elution of uranium (VI) was 
qualitatively tested with potassium hexacyanoferrate (II) as a 
spot test and was found to take about 35 ml. The other metal 
ions were stripped with 50 ml. of 6 M nitric acid, except 
for molybdenum (VI), thorium (IV), zirconium (IV), and 
titanium (IV). The molybdenum (VI) and thorium (IV) required 
80-100 ml. of 6 M nitric acid to strip them quantitatively 
from the column, while zirconium (IV) and titanium (IV) were 
stripped with 60 ml. of 2.5 M sufuric acid and with 50 ml. 
of 4 M sulfuric acid plus 0.6 °/o of hydrogen peroxide 
respectively. 
Separation procedure B 
Four columns of 80-100 mesh silica gel were prepared 
according to previous directions except no dry gel was used. 
The interstitial equilibrated 6 M nitric acid was displaced 
by passing equilibrated MIBK through the column until no 
more equilibrated 6 M nitric acid came off the column. Since 
the flow rate was slower than for the 60-80 mesh silica gel 
column, a slight pressure was needed to obtain a flow rate of 
0.9-1.3 ml./min. The sample was prepared by mixing the 
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uranium (VI) solution with the other metal ion solution, 
adjusting the nitric acid concentration to 6 M, and taking 
a 2 ml. aliquot and placing it on top of the column. The 
uranium (VI) was then eluted with the equilibrated MIBK. 
The other ion was stripped from the column with 50 ml. of 
deionized water. 
Analysis of column eluates 
Uranium (VI) in the MIBK fraction was analyzed by 
first adding 50 ml. of water to each sample and evaporating 
off the MIBK. The sample was then evaporated to a few 
milliliters to remove excess nitric acid and diluted to 
200 ml. with water. The sample was passed through a 1 x 3.5 
cm. column containing the cation exchange resin, Dowex 
50 X 8 (100 to 200 mesh), to remove the nitrate. Uranium (VI) 
was eluted from the column with 60 ml. of 3 M hydrochloric 
acid and analyzed by the lead reductor method with cerium (IV) 
(34) . 
The fraction•containing the other ion, except for 
molybdenum (VI), was heated to evaporate any MIBK and then 
was analyzed by either direct or back-titrâtions with 
0-05 M EDTA. Molybdenum (VI) was determined gravimetrically 
with 8-hydroxyquincline. 
The 50 lag. of copper (II) were analyzed by a 
spectrophotometric method using diethyldithiocarbamate. 
59 Trace amounts of Fe were determined with the scintillation 
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counter. Small amounts of dysprosium (III) were 
determined by flame photometry. 
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RESULTS AND DISCUSSION 
Selection of the System 
Solvent system 
A nitrate system was selected because it is more 
specific in the formation of metal complexes than most other 
systems and most metals are soluble in a nitric acid 
system. 
Although tributyl phosphate (TBP) and methyl isobutyl 
ketone (MIBK) are both used for the separation of uranium (VI) 
in a nitrate system, there are several important differences. 
The TBP process is based on the formation of organic-soluble 
unhydrated coordination complex U02(N0g)g • 2 TBP (35). The 
MIBK extraction system, however, is based on the solvating 
ability of MIBK for the covalent uranyl nitrate. The 
general reaction can be written as follows: 
[f02®°3>2 • = [TO2®°3>2 ' ^  ''2°hrg. 
(36, p. 7). In the organic layer, all or part of the water 
of solvation is displaced by MIBK. Even though the uranium 
(VI) is highly ionized in the aqueous system, it is trans­
ferred to the MIBK in its molecular state (35). Another 
difference is that the MIBK system employs a single component, 
while the TBP system generally employs a two component 
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system, the TBP and an inert diluent. 
A distinct disadvantage of TBP is that it normally 
contains monobutyl phosphate (MBP) and dibutyl phosphate (DBP) 
which are formed by the hydrolysis of the TBP. The MBP 
forms an aqueous-soluble complex with the uranium (VI) which 
interferes in its analysis, while DBP forms a very strong, organic-
soluble uranium (VI) complex which makes the uranium (VI) 
very difficult to back-extract. Therefore, purification of 
the TBP is necessary, and during the extraction, conditions 
must be maintained to prevent hydrolysis. MIBK, on the 
other hand, can be obtained quite pure. It has a low 
aqueous solubility and is reasonably stable, which means 
it can be used without any diluent. A summary of the physical 
and chemical properties of MIBK in its relation to uranyl 
nitrate extraction has been published (37). 
The acid concentration of 6 M nitric acid was chosen 
because Kooi (38) has shown that the distribution ratio for 
uranyl nitrate in MIBK levels off between 5.5 and 6 M nitric 
acid. He also shows that the extraction coefficient for 
thorium (IV) from 6 M nitric acid into MIBK is very low while 
for dibutyl carbitol and diethyl ether the extraction is 
much greater. 
One possible disadvantage has been reported for the 
MIBK-nitric acid system (36, p. 14). Above 3 M nitric acid 
the MIBK reacts violently in the presence of nitrous acid. 
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No experience of this kind has been found in this work and 
so it is assumed that this would only be a hazard in the 
presence of strong reducing agents. 
Column support 
A column support should be chosen so that it has a 
high capacity for the stationary phase, is easy to pack, 
gives reproducible columns, and allows a controlled flow 
rate with very little channeling. If pressure is to be 
used, the support should be hard enough not to deform. A 
large surface area also promotes rapid attainment of 
equilibrium which gives more efficient separations. Silica 
gel meets all of these conditions and is also readily 
available. It is also very stable to thermal and radiation 
degradation. 
Separations 
Separations using 60-80 mesh silica gel 
Excellent separations of uranium (VI) from other metal 
ions are obtained provided the proper technique is employed. 
It is necessary to equilibrate the aqueous 6 M nitric acid, 
used to treat the dry silica gel, with the MIBK used to 
elute the uranium. If this is not done, cracks and fissures 
develope in the column as the elution proceeds. Addition of 
a little dry silica gel to the top of the column and a small 
sample volume are required to prevent the sample band from 
moving too far down the column before elution with MIBK. 
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A typical elution curve for uranium is shown in Figure 1. 
From the curve, the effective H.E.T.P. was calculated using 
first Equation 1, p. 8, and then Equation 5, p. 9. The two 
values were respectively 1.44 cm. and 1.48 cm. The actual 
retention volume (V^) was 12.9 ml. while the calculated 
from Equation 4, p. 8, was 10.6 ml. 
Results for quantitative separations on a 1 x 15 cm. 
silica gel column are summarized in Table 1. In general, 
the results for separation and analysis of the metals 
separated from uranium were within normal analytical error. 
The relative standard deviation for 68 individual analyses 
was 0.29 °/o and the average recovery was 100.05 °/o. The 
separation of uranium from other metals was complete, as 
evidenced by the quantitative recovery of uranium (VI) from 
all samples in which uranium was determined. " 
The batch distribution coefficients for uranium (VI), 
thorium (IV), and mercury (II), determined by standard 
solvent extraction methods, are given in Table 2. From 
this table and from other lists of the extraction of elements 
into MIBK from nitrate systems (36, p. 13, 39,40), the 
following elements are not appreciably extracted and there­
fore should be separated from uranium (VI) on a silica gel 
column: alkali metals, strontium (II), barium (II), 
yttrium (III), chromium (III) and (VI), manganese (II), 
silver (I), zinc (II), cadmium (II), gallium (III), 
Figure 1. Elution curve for uranium (VI) from a 60-80 
mesh silica gel column using a 6 M nitric acid -
• MIBK system [column: 1 x 16.6 cm. (including 
dry gel); flow rate: 0.8 ml./min.; sample 
solution volume* 1.0 ml.; uranium (VI): 306.6 
1-imoles] 
CONCENTRATION 
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Table 1. Separation of 306.6 jamole of uranium (VI) from 
other metal ions for which each result is the 
average of four individual separations and 
determinations 
Metal ion 
Taken 
lamole 
Found 
lamole 
Difference 
lamole 
Al(III) 304.9 305.9 +1.0 
Bi(III) 126.1 125.7 -0.4 
Ca(II) 307.6 307.9 +0.3 
Ce(III) 534.6 535.4 +0.8 
Co(II) 299.6 299.3 —0.3 
Cu(II) 327.3 327.6 +0.3 
Er(III) 301.9 302.4 +0.5 
Fe(III) 311.1 311.4 +0.3 
La(III) 240.0 239.8 — 0. 2 
Mg(II) 322.4 323.7 +1.3 
Mo(VI) 308.4 309.4 +1.0 
Nd(III) 198.6 198.7 +0.1 
Ni(II) 301.8 300.4 -1.4 
Pb(II) 306.3 306.0 -0.3 
Th(IV) 296.7 297.0 +0.3 
Ti(IV) 95.5 96.3 +0.8 
Zr(IV) 348.4 348.2 —0. 2 
U(VI) 306.6 306.5 -0.1 
Table 2. The batch distribution 
in a 6 M nitric acid -
coefficients 
MIBK system 
for metal ions 
Batch distribution 
Metal ion coefficients 
Hg (II) 
Th (IV) 
U (VI) 
1.42 
0.023 
1.10 
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indium (III), arsenic (III), antimony (III), and protactinium 
(V) . The following elements may accompany uranium (VI): 
technitium (VII), cerium (IV), gold (III), mercury (II), 
polonium (IV), neptunium (IV) and (VI), plutonium (IV) and 
(VI), and some of the platinum metals. 
It is interesting that thorium (IV) and zirconium (IV) 
have a great preference for the stationary phase and are effi­
ciently separated from uranium (VI), because both elements 
interfere in the reversed-phase chromatographic separation 
using tributyl phosphate (13, 14). The explanation seems to 
be that silica gel has ion exchange properties that are of 
sufficient strength to retain quadrivalent metals like 
thorium (IV), titanium (IV) and zirconium (IV), even from 
strongly acidic solutions (41,42). These properties have 
been investigated and used to effect several separations of 
metal ions (43,44,45). These ion exchange properties make 
the removal of quadrivalent metals from the column more 
difficult following the uranium elution. Thorium requires 
more than the usual volume of 6 M nitric acid for elution; 
zirconium and titanium require the complexing action of 
sulfuric acid and hydrogen peroxide (peroxide is not needed 
for zirconium) for complete elution. 
The effect of several common anions on the separation 
was investigated and the results are shown in Table 3. 
Complexing anions, such as fluoride, phosphate and sulfate 
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Table 3. The effect of anions on the elution of 306.6 lamole 
of uranium (VI) in a sample volume of 2 ml. which 
was also 3 M in nitric acid 
Anion 
Max. allowable 
molar concentration 
Elution volume 
required, ml. 
Cl~ V CO 0
 
35 (no increase) 
CIO4- > 1.5 35 
F" 0.25 35 
PO4" 
0
 
0
 
H
 81 
M
 II 2. 25 72 
slow down or prevent the elution of uranium (VI) if present 
in too high a concentration. However, moderate concentrations 
of these ions and high concentrations of chloride or per-
chlorate in the sample cause no interference. An extensive 
list showing the effect of anions on the extraction of 
uranium and fission products in the tetrapropylammonium -
aluminum nitrate - methyl isobutyl ketone system has been 
compiled (40, p. 34). 
Separations of trace amounts of several metal ions 
from uranium (VI) were successfuly carried out and the 
results are shown in Table 4. Regular 1 x 15 cm. columns 
were used; the samples contained 306.6 ^ moles of uranium (VI); 
and the sample volume was 2.0 ml. The concentration of 
trace metals in the uranium (VI) ranged from 1.6 to 675 p.p.m. 
Other samples containing iron, copper, lead, bismuth, zinc 
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Table 4. The separations of 306.6 (j.moles of uranium (VI) 
from trace amounts of other metals 
Parts of 
metal ion 
Taken Found Difference per million 
Metal ion i-ig. M-g. i-ig. parts of U (VI) 
Cu (II) 50.0 50.9 +0.9 
Fe (III) 0.11 0.12 +0.01 
Dy (III) 21.6 18.5 -3.1 
and neodymium contained from 13.6 to 5730 parts of metal ion 
to a million parts of uranium (VI). The ions were separated 
from uranium (VI) and their concentrations estimated by 
emission spectrography. The recovery appeared satisfactory, 
although the analyses were not very accurate. 
One difficulty in separating trace elements from uranium 
is caused by the impurities introduced by the silica gel. 
The major impurities introduced are calcium, magnesium, 
aluminum, sodium, boron and titanium. It may or may not be 
possible to remove these impurities readily. 
Separations using 80-100 mesh silica gel 
Whatman silica gel SG34, specially prepared large pore 
silica gel, was examined as a support. It was found necessary 
to use a slight positive pressure to obtain a flow rate of 
0.9 to 1.3 ml./min. A slightly different technique, which 
has been presented as Procedure B was used. 
675 
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A typical elution curve for a separation of uranium and 
a rare earth is shown in Figure 2. From this curve, the 
actual retention volume (V^) was compared with the retention 
volume calculated from Equation 4, p. 8. The actual was 
12.8 ml. while the calculated was 11.0 ml. The effective 
H.E.T.P. was also calculated using the column length and 
Equation 1, p. 8 and then using Equation 5, p. 9. The values 
were respectively 0.478 cm. and 0.472 cm. which are approxi­
mately one third of those values which were found for the 
standard chromatographic grade 60-80 mesh silica gel. There­
fore, the Whatman SGS^ 80-100 mesh silica gel provides a 
more efficient column separation, which is further evidenced 
by the tighter elution band obtained for the uranium (VI). 
A disadvantage of this silica gel is that pressure was 
required to control the flow rate whereas gravity was only 
required for the standard grade 60-80 mesh silica gel. 
Circumstances must dictate the best method to use. 
A quantitative separation of vanadium (V) from uranium 
(VI) was achieved on the Vfhatman SG34 silica gel. The 
results are shown in Table 5. 
Larger scale separations 
Larger scale separations were carried out using a 3.1 x 
20 cm. column packed with standard chromatographic grade 
80-120 mesh silica gel. Procedure B was used for these 
separations. By this method 6.2 g. of uranium (VI) were 
Figure 2. Elution curve for uranium (VI) and erbium (III) 
from a 80-100 mesh silica gel column using a 
6 M nitric acid - MIBK system [column: 1 x 
14.2 cm.; flow rate; 1,0 ml./min.; sample 
volume: 2.0 ml.; uranium (VI): 508.5 moles; 
erbium (III): 199.1 [jmoles] 
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Table 5. The results of the separation of uranium (VI) 
from vanadium (V) on 80-100 mesh Whatman SG34 
silica gel [column: 1 x 15 cm.; flow rate: 
1.0 ml./min.; sample solution volume: 3.0 ml.] 
Metal Taken, Found, Difference 
Ion M-mole |_imole jjmole 
U (VI) 508.5 508.5 0.0 
V (V) 94.7 94.5 -0.2 
successfully separated from 0.7 g. of cobalt. The maximum 
sample volume used was 20 ml. 
Silica gel is low in cost and might well be utilized 
for many types of laboratory or large-scale separations, 
such as the one shown by Hultgren and Haeffner for the 
separation of uranium and plutonium (46,47). The method 
described above is inherently more simple than counter-
current, pulse columns, and other large-scale separation 
methods based on liquid-liquid partition. 
Other separations 
The silica gel column should be useful for analytical 
separations involving other ion-association complexes. From 
the batch distribution coefficients in Table 2, it appears 
that mercury (II) could be separated from many metal ions 
by this system. Sharp quantitative separations of iron (III) 
from cobalt (II) and. from other metal ions using a silica 
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gel column pretreated with 6 M hydrochloric acid equilibrated 
with MIBK have been obtained. The iron (III) was eluted 
with equilibrated MIBK, and the other metal ions were 
removed from the column with 6 M hydrochloric acid. 
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Part II. SEPARATIONS OF METAL IONS USING 
CELLULOSE PHOSPHATE 
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INTRODUCTION AND LITERATURE SURVEY 
The most common ion exchangers now in use consist of a 
polystyrene-divinylbenzene matrix with functional groups 
attached to it. Sulfonic acid functional groups are the ' 
ones most used for strong cation exchangers, while a 
quaternary ammonium salt is used for strong anion exchangers. 
These exchangers base their selectivity on the charge to size 
ratio of the ion. These exchangers and their uses are 
described in detail in a book by Samuelson (48). 
Since the advent of these exchangers, several attempts 
have been made to impart specificity to exchangers by 
incorporating different functional groups onto the matrix. 
These functional groups are usually complex or chelate 
forming groups. Several reviews have been published on 
chelating ion exchangers (49,50,51). These exchangers are 
distinguished from ordinary exchangers by their greater 
selectivity, higher bond strength between the counter ion and 
the functional group, and by slower kinetics. One of the 
better known commercial resins is Dow chelating resin A-1, 
which has iminodiacetate groups on a polystyrene—divinyl-
benzene matrix. This resin is specific for those metals 
which form chelates with iminodiacetic acid. Arsenious 
acid, phosphonic acid, and phosphoric acid groups have 
been placed on a phenol-formaldehyde copolymer matrix (52). 
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Phosphate and phosphonate groups have also been placed on 
other organic matrices (53,54,55,56,57,58). These resins 
tend to have a high selectivity for those metals which form 
phosphate complexes.- Some actual column separations have 
been carried out with these resins (59,00,61). 
Other matrices have been used for ion exchangers. A 
completely inorganic chelating ion exchanger, zirconium 
phosphate, has been made and used for selective separations 
(62,53,64,65). Recently, cellulose has been used more widely 
as a matrix. A review on the properties of ion exchange 
celluloses has been published (66). Most of these ion 
exchangers have been used for biochemical separations and 
there are several bibliographies available on their uses in 
this field (67,68,69). Muzzarelli has brought out a series 
of articles on the separation of metals on substituted 
celluloses in nonaqueous systems (70,71,72,73,74,75). Several 
papers have been published on the ion exchange properties 
of phosphorlated cotton cellulose (76,77,78,79). 
There has been little work done on the behavior and use 
of cellulose phosphate in the separation of metals ions in 
aqueous systems. Head, ^  has published a paper on the 
general properties of this exchanger (80). Cellulose phosphate 
has been used in paper chromatographic systems (81,82,83), as 
well as in column separations of uranium from other metals 
(84,85) J iron (III) from copper (II) and nickel (II) (83), 
cesium (I) from strontium (II) (86), and the recovery of 
thorium (IV) from monazite ores (87). Several articles have 
been published on a somewhat analogous system in which 
di-(2-ethylhexyl) orthophosphoric acid (HDEHP) has been 
coated on cellulose (88,89,90). In the present study, 
cellulose phosphate in a hydrochloric acid system was 
used for the separation of several metal ions which are 
difficult or time consuming to separate by ordinary ion 
exchange. In several cases trace amounts of the metals 
were separated. 
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SOME THEORETICAL ASPECTS 
OF ION EXCHANGE CHROMATOGRAPHY 
Ion exchange is a form of chromatography in which the 
support contains exchangeable cations or anions. These ions 
can be replaced by ions of like charge in the mobile phase. 
The characteristic difference between sorption and ion 
exchange is that ion exchange is a stoichiometric process. 
Every ion which is removed is replaced by an equivalent 
amount of another ionic species of the same sign. Ion 
exchange is, generally, a reversible process and with trace 
components a linear distribution isotherm can be assumed. 
Therefore, the same theories that were advanced for 
partition chromatography can be applied. Helfferich's 
book covers the theory of ion exchange in detail (91). 
Hamilton, _et a&. also presents the theories in a very 
clear manner (92). 
In using these theories, it must be remembered that in 
order to obtain a linear isotherm a small volume of sample 
containing only trace quantities of metal ion is necessary. 
If the isotherm is nonlinear, the distribution coefficient 
would be a function of concentration and those factors 
which affect concentration in each plate, such as column 
length and diameter, flow rate and particle diameter. Using 
the plate theory. Equation 4, p. 8, for the retention volume 
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(Vj^) may be directly applied to ion exchange columns. However, 
in ion exchange chromatography slightly different terms are 
used and the equation is factored into components which are 
somewhat easier to measure experimentally. The equation 
assumes the following form: 
— — Dy 4- e , (8) 
X' ^ 
where Vj^ is the retention volume; X' is the column volume 
corrected for sample volume (the sample volume is generally 
neglected and the column volume X is Just, used); Dy is 
the volume distribution coefficient; and e is the void 
fraction. It is somewhat easier to determine experimentally 
the weight or batch distribution coefficient (D^ ) which is 
equal to the following: 
milliequivalents of metal on resin 
gram of dry resin 
D - . (9) 
milliequivalents of metal in solution 
milliliters of solution 
To convert the weight distribution (D^) into the volume 
distribution coefficient (Dy), the following equation is 
used: 
Dy - • Qr . CIO) 
where is the column bed density (grams of dry resin per 
cm.^ of bed volume). Although the use of the weight 
distribution coefficient requires the concentration of 
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metal to be in trace quantities, Mann has shown that only-
small errors are introduced over a relatively large 
concentration range (93). 
A good qualitative way to express the efficiency of a 
separation is by the separation factor (a), which is the 
ratio of the higher distribution coefficient to the lower. 
Therefore, the higher the separation factor is the better 
the separation. Glueckauf has given a more quantitative 
way of choosing separation conditions by plotting the ratio 
of the peak elution volumes versus the number of theoretical 
plates in order to find the cross-contamination of the two 
elution bands (28). 
As mentioned before, conditions on the column are far 
from ideal and better approximations are obtained through 
the application of the rate theory. However, since this 
theory is somewhat more complicated, the plate theory has 
found wider use in describing ion exchange systems. 
EXPERIMENTAL 
Reagents 
Chelating ion exchangers 
IVTaatman cellulose phosphate P 11 was prepared according 
to the directions given in IVhatman^s technical bulletin C5 
(94). First, the fines and long fibers were removed by-
suspending 10 g. of the exchanger in 200 ml. of water. The 
slurry was then stirred, allowed to settle for 1 to 2 min. 
and then after the coarse material had settled, the suspension 
was removed by décantation. This suspension was allowed to 
settle for 30 min., and the supernatant liquid was removed 
by suction. Then, 200 ml. more of deionized water was added, 
the mixture was stirred, allowed to settle for 30 min. and 
the supernatant liquid was again removed with suction. The 
residual solid was now prepared for precycling. Precycling 
was necessary, since the drying of the cellulose phosphate 
induced intermolecular hydrogen bonding which tended to 
create inaccessible regions in the structure. Immersion 
in water was found to be insufficient to break these bonds 
(95). To the residual solid, 150 ml. of 0.5 N sodium 
hydroxide was added and allowed to stand for one hour. The 
supernatant liquid was removed by suction and the residue 
was washed several times with water. Then 150 ml. of 0,5 N 
hydrochloric acid was added to the exchanger and allowed to 
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stand for one hour. The exchanger was now prepared for use. 
Larger amounts of exchanger could be prepared in this way 
and kept for a fairly long time by removing the supernatant 
0.5 N hydrochloric acid with suction, and washing the 
exchanger several times with deionized water. This procedure 
decreased hydrolysis of the phosphate groups by reducing 
the acid concentration. The precycled exchanger, . slurried in 
the eluant, was packed in the columns under 5 lb. of pressure. 
A glass wool plug was placed on top of the exchanger to 
prevent it from floating during elution. 
Bio-Rex 63, phosphonic acid groups on a polystyrene 
matrix, was obtained in the 100-200 mesh size in the sodium 
form. The resin was back washed in a column to remove all 
fines and then 2 1. of 1 M hydrochloric acid was passed 
through it to convert it to the hydrogen form. The resin 
was then washed with 1 1. of deionized water and allowed 
to air dry. It was used in this form for all experiments. 
Aqueous eluants 
Different concentrations of aqueous hydrochloric acid 
solutions were prepared from reagent grade hydrochloric acid 
and deionized water. 
Metal ion solut ions 
The metal ion solutions were prepared from reagent 
grade nitrate or chloride salts, except in the case of the 
rare earth solutions which were prepared from the oxides. 
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They were dissolved in water with sufficient acid present to 
insure complete dissolution and to prevent hydrolysis. 
EDTA 
The 0.05 M and 0.01 M EDTA solutions were prepared 
from the reagent grade disodium salt. They were standar­
dized by a titration of standard zinc (II) solutions using 
napthyl azoxime S (NAS) as the indicator (33). 
Apparatus 
Columns 
Conventional 1 x 15 cm., coarse frit chromatographic 
columns with teflon stopcocks were used for all separations. 
The tips of the columns were cut off just below the stop­
cock in order to eliminate tip hold-up volume. The flow 
rate of the eluant in all separations was regulated with 
compressed air. A one hole rubber stopper with a glass 
tube through it was inserted at the top of the reservoir 
of the column. This tube was connected to a Koby air filter 
by means of tygon tubing. The Koby air filter was connected 
to compressed air which was controlled by a Johnson 
regulator. 
pH meter 
A Beckman Zeromatic pH meter with a Beckman general 
purpose electrode and a Beckman standard calomel electrode 
was used to control the pH in all EDTA titrations. 
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Scintillation counter 
A Nuclear-Chicago single channel analyzer, model 
No. 27352, with a six decade electronic scaler and a 3" x 
3" sodium iodide, thallium activated, crystal was used to 
isolate and count the gamma emission of the radioactive 
ions . 
Spectrophotometer 
A Beckman B spectrophotometer equipped to perform 
spectrophotometric titrations was used. 
Atomic absorption spectrophotometer 
A Perkin-Elmer atomic absorption spectrophotometer, 
model No. 303, was used to analyze the lithium, potassium, 
and rubidium. 
Analytical Procedures 
Determination of weight distribution coefficients (D^) 
Since the cellulose phosphate was in the wet form., it 
was necessary to measure approximately equal amounts (1.0 ± 
0.3 g.) into each 125 ml. glass-stoppered Erlenmeyer flask. 
Twenty ml. of a known concentration of hydrochloric acid 
solution and a known amount of metal ion were added to each 
flask. The flasks were shaken for at least 30 min. and 
then the contents of each flask was filtered through a 
Buchner funnel. The filtrate was saved for analysis of metal 
ion content and acidity. The flask was washed with water 
to insure a quantitative transfer of all the resin, which 
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was then dried in a 100°C oven until constant weight was 
obtained. Using this data the weight distribution coef­
ficients were calculated from Equation 9, p. 38. In the 
case of the trace samples, the metal ions were determined 
radiometrically or by atomic absorption spectrophotometry. 
It was decided that it would be easier and safer, in the 
case of the radioactive samples, to weigh out exact amounts 
of air dried resin without previous precycling. Then these 
weights were corrected for moisture content by a proper 
factor. It was found that cellulose phosphate contained 
6.8 °/o water by weight. After proper equilibration, the 
samples were filtered and the cellulose phosphate was 
discarded. The supernatant liquid was analyzed for the 
metal ion either radiometrically or by atomic absorption, 
spectrophotometry, and the acidity was determined by titra­
ting an aliquot with standard base. It was assumed that since 
trace amounts of metal ion were being used (less than 0.1 °/o 
of nominal capacity), the absence of precycling would have 
no effect on the weight distribution coefficients. 
The weight distribution coefficients for lanthanum (III) 
on Bio-Rex 63 were determined by weighing a known amount 
(approximately 1 g.) of the resin into 125 ml. glass-
stoppered Erlenmeyer flasks, adding 200.5 nmoles of 
lanthanum (III) and 20 ml. of a known solution of hydrochloric 
acid. These flasks were shaken for at least 8 'ir. in order 
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to attain equilibrium. In the meantime, the moisture 
content of the air dried resin was found to be 16.3 °/o. 
The weights of resin v/ere corrected to the dry weights 
of the resin, A 10 ml. aliquot of the supernatant liquid 
was analyzed for lanthanum (III), using an EDTA titration, 
in order to calculate the amount of lanthanum (III) in the 
solution and on the resin. Equation 9, p. 38, was used 
to calculate the weight distribution coefficients. 
Separation procedure 
The samples v/ere placed on the column by means of a 
pipet or were quantitatively transferred from a 10 ml. 
beaker. The sample volumes varied between one and eight 
milliliters. After the samples were placed on the column, 
elution was carried out using a pressure of 2 or 3 lb. in 
order to obtain flow rates of O.S - 1.5 ml./min. After 
the first metal ion was completely off the column, the 
eluant was changed and the next metal ion was eluted from 
the column. If after the last element was eluted, the 
column was immediately washed with the less acidic eluant; 
it could be used again without any noticeable deterioration 
of the column. 
Analysis of column eluates 
Calcium (II) The phosphate was removed by passing 
the eluate through a 1 x 5.7 cm. column containing 100-200 
mesh, cation exchange resin Dowex 50 x 8 at a flow rate 
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of 2 to 3 ml./min. The column was washed with 50 ml. of 
water to insure all the phosphate had been removed and then 
the calcium was stripped with 25 ml. of 4 M nitric acid. 
The calcium was analyzed by a spectrophotometrie titration 
using 0.01 M EDTA with metalphthalien indicator at 
572 m|j (96, p. 72) . 
Magnesium (II) Magnesium was analyzed by a direct 
titration with EDTA using calmagite as the indicator (97). 
Strontium (II) Strontium was determined by a' 
spectrophotometric titration at 560 m|j, with EDTA using 
arsenazo I as the indicator (93). 
Aluminum (III), cobalt (II), nickel (II), and 
rare earths These elements were determined by a back-
titration of excess EDTA with copper (II) using NAS as the 
indicator (33). A back-titration was used in order to 
avoid any interference from phosphate which was present 
because of the slight hydrolysis of the cellulose phosphate. 
Lithium (I), potassium (I), and rubidium (I) These 
three alkali metals were determined by atomic absorption 
spe ctropho tome try. 
Other elements All the other elements were analyzed 
by counting their gamma emissions with a scintillation 
counter. 
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RESULTS AND DISCUSSION 
Selection of the System 
Aqueous system 
A hydrochloric acid system was selected because most 
metals and their salts are soluble in it, and because 
several ion exchange and solvent extraction systems 
already developed use it. Therefore, it was felt that 
the present system could be incorporated with the other 
separation schemes in order to achieve superior 
separations. 
Chelating ion exchanger 
The phosphate and phosphonic acid exchangers were 
chosen because either would form complexes with metals such 
as the rare earths. The rare earths could then be 
separated from elements, such as the a Hyaline earths. 
These separations are very time consuming using ordinary 
ion exchangers. Resins with these groups were also readily 
available on either a polystyrene matrix or a cellulose 
matrix. The two ion exchangers used were Yfhatman cellulose 
phosphate P 11, phosphate groups on a cellulose matrix, and 
Bio-Rex 63, phosphonate groups on a polystyrene matrix. 
These two exchangers were compared in two ways; first, by 
weight distribution coefficients (D^,) for lanthanum (III) 
as a function of hydrogen ion concentration; and second 
48 
by their kinetics with lanthanum (III) in a 0.5 N hydrochloric 
acid solution. The weight distribution coefficients were 
determined as described in the procedure. The results are 
shown in Figure 3. 
The kinetics experiment was carried out with cellulose 
phosphate by putting approximately 1 g. of cellulose phos­
phate, 432.0 lamoles of lanthanum (III) and 20 ml. of 1.0 M 
hydrochloric acid into a 125 ml. Erlenmeyer flask. The 
first flask was shaken 5 min. and immediately filtered. 
The filtrate was analyzed for lanthanum (III) and the 
cellulose phosphate was dried and weighed. The weight 
distribution coefficient was calculated from Equation 9, 
p. 38. This procedure was repeated for samples shaken 
10 min., 20 min., 30 min., 60 min., 80 min. and 120 min. 
The Bio-Rex 63 was handled the same way except that 
known weights of the air dried resin were taken and 
converted to the dry weight using the proper factor. 
Instead of 1.0 M hydrochloric acid, 0.01 M hydrochloric 
acid was used. Samples were shaken for 10 min., 20 min., 
30 min., 45 min., 60 min. and 120 min. One sample was 
allowed to shake for 24 hr. in order to determine the 
weight distribution coefficient at equilibrium which was 
found to be 37.4. The results are shown in Figure 4. 
From these results, it can be seen that the kinetics of 
the cellulose phosphate are much faster (equilibrium attained 
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Figure 4. Comparison of the kinetics of Bio-Rex 63 and 
cellulose phosphate for lanthanum (III) from 
hydrochloric acid solution 
in < 10 min.) than Bio-Eex 63 (equilibrium attained in 
> 3.0 hr.). Heitner-Wirgium and Urbach have also studied 
the kinetics for calcium (II), copper (II), uranium (VI) 
and thorium (IV) on Bio-Eex 63 in the sodium form (99). 
They found that they were rapid (t^yg = 30-100 sec.) for 
copper (II) and calcium (II), but quite slow for thorium 
(IV) and uranium (VI) (t^yg = 40-50 min.). 
The. Bio-Rex 63 was observed to undergo large volume 
changes with changing acid concentration. The color also 
changed from brown in the sodium form to a light orange 
in the hydrogen form. These observations agree with those 
found by Persoz and Rosset (100). 
Cellulose phosphate was chosen as the most desirable 
exchanger because the weight distribution coefficients with 
lanthanum (III) were much higher, and therefore it could 
be used in acidic media. It also exhibited more rapid 
kinetics, and displayed much smaller volume changes with 
large changes in acid concentration than the Bio-Rex 63. 
Effect of Loading 
Loading is an important factor in all ion exchange 
separations. It has been shown that in order to obtain 
theoretical conditions on the column, the ions to be 
separated should be in trace amounts (48, p. 126). The 
weight distribution coefficient also depends on the 
extent of loading. The nominal capacity of the cellulose 
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phosphate, including the weak and strong acid hydrogens, is 
7.4 meq. /g. In order to obtain the range of loading that 
could be tolerated, the weight distribution coefficients 
for lanthanum in 0,5 M hydrochloric acid were determined 
at various degrees of loading. The results are shown in 
Figure 5. The weight distribution coefficient of trace 
loading is shown as From the graph it was observed 
that the,maximum occurred at a loading capacity of less 
than 2.0 °/o of nominal capacity. 
Weight Distribution Coefficients 
The weight distribution coefficients, as a function of 
hydrogen ion concentration, for several metal ions on cel­
lulose phosphate have been determined by methods described 
in the Procedure section. The results are shown in 
graphical form in Figures 6, 7, 8 and 9. The rare earths, 
alkaline earths, and alkali metals were chosen for investi­
gation, because they commonly occur together and their 
separation by other methods are either difficult or time 
consuming. Aluminum and alkaline earths also present a 
time consuming separation using strong cation exchanger and 
thus were examined. Chromium (III) occurs often with these 
elements and sometimes presents problems in other separation 
schemes. From the curves, it can be seen that the behavior 
of the four representative rare earths, the alkaline earths, 
and the alkali metals is nearly identical in each respective 
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Figure 5. The effect of loading on the weight distribution 
coefficient on cellulose phosphate of lanthanum (III) 
from hydrochloric acid solution 
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group, but there are vast differences among the groups as a 
whole. The weight distribution coefficients for the rare 
earths are extraordinarily high for an intermediate acid 
ion exchanger, even in quite high acidity. This phenomenon 
may very well be explained by the fact that the rare earths 
form strong phosphate complexes. Head jet aJ.. found this to 
also be true for other ions such as uranium (VI), iron (III), 
beryllium (II), and thorium (IV) which also form strong 
phosphate complexes (SO). They postulated that a complex 
was being formed between the phosphate groups on the resin 
and the metal ion in solution. Aluminum (III) also exhibited 
quite high weight distribution coefficients and, since it 
forms phosphate complexes in solution, may form phosphate 
complexes on the resin. The alkaline earths, alkali metals, 
nickel, cobalt and chromium, however, seem to possess weight 
distribution coefficients which are what would be expected of 
ordinary ion exchangers of intermediate strength. 
If the logarithm of the weight distribution coefficient 
(D^) is plotted aginst the logarithm of the hydrogen ion 
activitythe negative of the slope should be the number 
(n) of hydrogens replaced from the ion exchanger (48, p. 76). 
If constant ionic strength solutions are used, the activity 
should be equal to the concentration multiplied by some 
constant. Therefore., constant ionic strength solutions 
composed of lithium chloride and hydrochloric acid were 
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used either at 1.5 M for barium (11) and strontium (II) or 
2.0 M for europium (III). Barium - 133, strontium - 85, 
and europium - 152-154 were used in trace amounts so that 
they would only have negligible effects on the activity of 
the solutions. The activity of the cellulose phosphate, 
since it was in large excess, was considered constant. The 
results a,re shown in Figure 10. The number of hydrogens 
replaced in the case of barium and strontium was 1.03 ± 0.01, 
and for europium was 1.34. These results indicate that 
possibly mixed complexes are formed on the cellulose phosphate. 
Lieser and Berhard obtained an n of 1.0 ± 0.1 for calcium 
(II) and strontium (II) in an analogous system of Eel F 
impregnated with di-(2-ethylhexyl) orthophosphoric acid (90). 
Cerrai and Ghersini also found that the number of hydrogens 
replaced in a paper chromatographic system employing di-
(2-ethylhexyl,) orthophosphoric acid was less than the charge 
on the ion for many elements (89). Head _et aJ. found that for 
thorium (IV) less than the equivalent number of hydrogen ions 
was displaced (80). The exact nature of these complexes, 
however, cannot be determined without considerably more 
experimental evidence. 
Separations 
The actual behavior of the cellulose phosphate column 
was compared with that which would be predicted from the 
plate theory for the elution of barium - 133 with 0.5 M 
4000 
2000 
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3 Q 
500 
050 1,0 2.0 
20 -Sa'^^(I£) 
3 
Q 
5.0 
0.10 0.50 1.0 2.0 
[h'-] [H + ] 
Figure 10. The weight distribution coefficients on cellulose phosphate as a 
function of hydrochloric acid concentration (keeping ionic strength 
constant with lithium chloride) for europrium (III), strontium 
(II), and barium (II) 
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hydrochloric acid. The effective H.E.T.P. was calculated 
from both Equations 1, p. 8, and 5, p. 9, and the column 
length, and the values were respectively 4.48 and 3.61 mm. 
Using Equation 8. p. 38, the volume distribution coefficient 
(D^) was calculated and found to be 2.66. The column 
density was determined to be 0.246. Then using Equation 10, 
p. 38, the was calculated and found to be 2.61. The 
closeness of these volume distribution coefficient values 
indicated that the column behavior was near theoretical 
when trace amounts were employed. Since the column v/as 
packed the same way for all separations, the column density 
was assumed to remain relatively constant. Therefore, 
approximate volume distribution coefficients were determined; 
then using these values and the values of the separation 
factors, appropriate conditions for the separations were 
chosen. 
Successful separations of rare earths from alkaline 
earths were carried out. In the separation of lanthanum (III) 
and calcium (II) the elements were determined by titrations 
with EDTA. In all the other separations, one or both 
elements were determined by labeling them with a radioactive 
isotope and then counting the gamma emission. The alkaline 
earth was eluted with 0.5 N hydrochloric acid and the rare 
earth was stripped with either 3 M hydrochloric acid -
3 M ammonium chloride or 7 M hydrochloric acid. It was 
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decided that the 3 M hydrochloric acid - 3 M ammonium chloride 
was the best eluant, because it removed the metal ion with 
the same volume as the 7 M hydrochloric acid without causing 
as much hydrolysis. A typical elution curve is shown in 
Figure 11. Separations of cesium (I) and strontium (II) 
using 0-1 M hydrochloric acid as the eluant were also carried 
out. An elution curve for one of the separations is shown 
in Figure 12. A quantitative separation of europrium (III), 
strontium (II) and cesium (I) was performed using 0.1 M 
hydrochloric acid to elute the cesium (I) and strontium (II), 
followed by a 3 M hydrochloric acid - 3 M ammonium chloride 
solution to elute the europium (III) . The results for 
these separations are shown in Table 6. 
A separation of aluminum (III) from strontium (II) was 
achieved using 0.5 M hydrochloric acid to elute the strontium 
(II). The aluminum (III) was eluted with 150 ml. of 4 M 
hydrochloric acid. Since aluminum (III) and magnesium (II) 
commonly occur in several alloys, a synthetic mixture of 
aluminum (III) and magnesium (II) was prepared by dissolving 
the pure metal in concentrated hydrochloric acid. The 
acidity of the samples was adjusted to 0.5 M hydrochloric 
acid. Aliquots of each solution were combined and diluted 
in a volum.etric flask. A sample of this mixture was 
separated on a 1 x 14 cm. cellulose phosphate column using 
50 ml. of 0.5 M hydrochloric acid to elute the magnesium (II) 
Figure 11. Elution curve for strontium (II) and europium (III) 
from a cellulose phosphate column [column; 1 x 7.0 cm 
flow rate: 1.2 ± 0.2 ml./min.; sample volume: 2.0 ml 
strontium (II): 1.7 x ICr^ [imole; europium (III): 
6.3 X 10-6 ,jLi,iole] 
0.5 M MCI 
60,000 
40,000 
20,000 
3M HCI-3M NH4CI 
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Figure 12. Elution curve for 
ELUATE, 
cesium (I) 
ML. 
and strontium (II) 
from a cellulose phosphate column using 0.1 M 
hydrochloric acid as the eluant [column; 1 x 7.6 
cm.; flow rate: 1.2 ± 0.2 ml./min.: sample volume: 
2.0 ml,; cesium (I); 2.7i-imoles; strontium (II): 
1.7 X 10 -4 lamole] 
Table 6. Results of the separations of rare earths, alkaline earths and 
alkali metals on 1 cm. i.d. cellulose phosphate columns 
Sample Metal 
Ions 
TakenJ 
jimole 
Pound, -
jimole 
a 
La-Ca 
La-Ba^SS 
Eul52-1548r85 
0^152-1548^85 
2^152-1548^85 
Cgl34„8r'3S 
Eu 
Sr 
Cs 
152-154 
8 5  
134 
La (III) 
Ca (II) 
Ba^jj (II) 
EU-T-52-154 (III) 
8rB5 (II) 
2 1 4 . 8  
105.8 
1 0 0 . 9  
1 . 9 x 1 0 - 4  
6.3x10-6 
1 . 7 x 1 0 - 4  
Eul52"154 (III) 
8r85 (II) 
2^152-154 (III) 6.3x10 
SrS5 (II) 
Csl3* (I) 
8r85 (II) 
Csl34 (I) 
8r85 (II) 
152-154 
91.4 
1 . 7 x 1 0 - 4  
• 6  
1 2 3 9  
2 . 7  
1 . 7 x 1 0 - 4  
2 . 7  
1 0 1 7  
EUNC 
8r;^ (II) 
Csl34 (I) 
(III) 2.7 
1.7x10" 
100.9 
2 1 4 . 8  
106.4 
100.6 
— 0.0 
— +0.5 
— 
-0.3 
93 .3 -1.2 
96 .2 -3.8 
99 .8 -0.2 
99 .3 -0.7 
99 .5 -0.5 
98 .4 -1.6 
100 .7 -1-0.7 
100 .8 -1-0.8 
100 .6 -1-0.6 
100 . 5 +0.5 
100 .8 -1-0.8 
100 .3 I 0.3 
100 .8 -1-0 .3 
100 .3 +0.3 
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1 4 . 6  7 55 
6 5  
11.2 6 50 
66 
7 . 0  2  4 2  
33 
7.0 3 36 
6 3  
7 . 2  3 36 
30 
7 . 6  2 7 5  
I  2 7  
10.2 3 78 
7 2 
9 9  
13.6 5 45 
a o 
b o /o Recovery 
Column length, cm. 
® Sample volume, ml. 
Eluate volume, ml. 
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followed by 150 ml. of 4 M hydrochloric acid to elute the 
aluminum (III). The results of these separations are shown 
in Table 7. 
From these separations, it can be seen that cellulose 
phosphate should be very useful in separating the rare 
earths from several of the elements, with which they are 
commonly contaminated, in a much shorter time and with 
less eluant than is now needed in other ion exchange methods, 
The cellulose phosphate also appears to be very useful for 
the separation of trace quantities. The purity of the 
cellulose phosphate was checked by emission spectrographic 
means and only trace contaminants of sodium, calcium, 
magnesium, cadmium, iron and silica were found. Cellulose 
which had been precycled should only contain iron and silica, 
both of which are held very tightly by the column and 
should not interfere in any analysis for trace contaminants 
except where they are directly involved. The very fast 
kinetics of cellulose phosphate also provide a distinct 
advantage over other chelating ion exchangers. However, 
there are some disadvantages. First, some hydrolysis of 
the phosphate groups takes place in acidic media. Therefore, 
after two or three repeated separations, the columns were 
found to be considerably less efficient. The need for small 
loading is also a distinct disadvantage. The physical 
nature of the cellulose phosphate also makes it somewhat 
Table 7. Results of separations of aluminum (III) from alkaline earths 
on 1 cm. i.d. cellulose phosphate columns 
Sample Metal Taken, Found, °/o Recovery °/o Difference Sample Column 
Ion p.mole n mole volume length, 
Al-Sr^S A1 (III) 99.3 99.2 - -0.1 
(II) 129.3 - 100.6 +0.6 4 13 
Al-Mg A1 (III) 111.8 111.9 -• +0.1 
Mg (II) 98.6 98.6 - 0.0 2 14 
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harder to handle than ordinary ion exchange resins and 
pressure is required to obtain reasonable flow rates which 
may be bothersome in certain instances. 
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SUMMARY 
In the preceding work, it has been shown that uranium (VI) 
could be separated from many metals that are commonly found 
with. it. It also has been shown that certain metals, 
which are difficult to separate by other means, could be 
easily separated on cellulose phosphate. In summarizing, 
it was felt that the usefulness of these two systems 
could be shown by separating some complex samples that 
might be encountered in actual practice and which might 
be difficult to separate by other means. 
A synthetic sample of uranium, rare earth, and alkaline 
earth was prepared by dissolving uranium metal, magnesium 
metal and erbium oxide in concentrated nitric acid. After 
their individual concentrations were obtained, known 
amounts were mixed together and the acidity was adjusted to 
6 M in nitric acid. The 2 ml. aliquots of this sample were 
separated on 1 x 15 cm., 80-100 mesh silica gel columns as 
described in the Procedure in Part I. The eluate containing 
the erbium (III) and magnesium (II) was diluted with, water 
until the acid concentration was 1 M. This solution, 
approximately 40 ml., was then passed through a 1 x 14 cm. 
cellulose phosphate column and to insure complete removal 
of the magnesium (II), the column was subsequently washed 
with. 25 ml. of 1 M hydrochloric acid. The erbium (III) 
v/as stripped with 100 ml. of 3 M hydrochloric acid - 3 M 
ammonium chloride. The erbium (III) and magnesium (II) 
were analyzed as described in the Procedure of Part II. 
The average results of four separations are shown in 
Table 8. 
Table 8. Results of separations of complex sample using 
both silica gel and cellulose phosphate columns 
Sample Metal Taken. Found,. Di fference. 
Ion umole umole umole 
U (VI) 305. 2 306.1 4-0 .5. 
U- Er- Mg Er (III) S9. 6 99.4 -0 .2 
Mg (II) 102. 103.2 4-0 .5 
U (VI) 406. 8 407.3 4-0 .5 
U-Al-Ni A1 (III) 212. 8 212.2 -0 .6 
Oi (II) 86. 8 86.8 0 .0 
A second synthetic sample of u.rani-um. aluminum and 
nickel was prepared by dissolving the pure nickel and 
uranium metals in nitric acid and the aluminum metal in 
hydrochloric acid. After their concentrations were obtained, 
they were mixed in known amounts and the acidity was 
adjusted to 6 M nitric acid. Then 2 ml. aliquots were 
separated on 1 x 14 cm., 80-100 mesh silica gel columns as 
described in the Procedure of Part I. The fraction contain­
ing the uranium (VI) was analyzed according to the Procedure 
in Part I. The eluate containing aluminum (III) and nickel 
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(II) was adjusted to 0.5 M in acidity by adding a fevr drops 
of ammonium hydroxide and diluting the sample to about 40 
ml. It was then passed through a 1 x 14.2 cm. cellulose 
phosphate column and subsequently washed with 35 ml. of 
0.5 M hydrochloric acid to insure complete removal of all 
the nickel (11). The aluminum (III) was removed with 100 ml. 
of 4 M hydrochloric acid. The metals were analyzed according 
to the Procedure given in Part II. The average results of 
three separations are given in Table S. 
From these two separations it can be seen that these 
chromatographic systems are readily adaptable to the 
individual separations of more complex samples and can 
be utilized in already existing separation schemes without 
much modification. 
1. 
2 .  
3. 
4. 
5. 
6. 
7 . 
8 .  
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
73 
LITERATURE CITED 
Chem. Eng. News, 45, 56 (1367). 
Culler, F. L. , ejt . Chen. Eng. Progr. , 450 (1955) 
Bruce. F. R., Froc. Intern. Conf. Peaceful Uses At. 
Energy. Geneva, 1355, _7. 100 (1956). 
Hyde, E. K., Prcc. Intern. Conf. Peaceful Uses At. 
Energy. Geneva. 1955, _7. 281 (1956). 
Nietzel, O. A. and M. A. DeSesa. Anal. Chem., 29. 
756 (1965). 
Onishi, Eiroshi 
1141 (1965). 
Toita Yuko, Japan Analyst, 14, 
Korkisch. J. and S, S. Ahluwali, Anal. Chem., 38, 
497 (1966). 
Maeck, W. J., G. L. Booman, M. S. Eussy and J. S. 
Rein, Anal. Chem. , 1775 (1961) . 
Cerrai, E. and C. Testa, J. Chromatog., _5, 442 (1961). 
Clanet, F. , J. Chromatog. , 7_, 373 (1962). 
Upor-Juva.ncz, Y. . J. Chromatog. , 25, 464 (1966). 
Seller. H. and M. Seiber. Eelv. Chim. Acta, 44, 939 
(1961): 
Takitani. 8. . M. Fukaza?/a, and H. Hasegav/a. Bunseki 
Kagaku. 12. 1156 (1963). 
Hamlin. A. G., B. J. Roberts, W. Loughlin and S. G. 
Wells, Anal. Chem., 33, 1547 (1961). 
Hayes, T. J. and A. G. Hamlin. Analyst, 87, 770 (1962) 
Tomazic. B. and S, Siekierski, J. Chromatog., 21, 
98 (1966). 
17. Burstall, F. H. and R. A. Wells. Analyst, 76, 388 (1951) 
74 
18. Keiaber, N. F.. Analyst, 77, 78 (1952). 
19. Feldman, C. and J. Y. Ellenburg. Anal. Chem., 30, 
418 (1958). 
20. Muzzarelli, R. A. A, and L. C. Bate, Talanta. 12, 
823 (1965). 
21. Kara. J. Tadashi, Nippon Kagg.ku Zasshl, 78, 337 (1957). 
22. Morrison, George H. and Henry Frieser. Solvent 
Extraction in Analytical Chemistry. Few York. N.Y. 
John Wiley and Sons, Inc.- 1357. 
23. Irving, H. and E. J. P. Williams. Liquid-Liquid 
Extraction. In Solthoff, I. M. and Philip J. Elving, 
eds. Treatise on Analytical Chemistry. Part 1. 
Vol. 3. New York, N.Y. Interscience Publishers, 
Inc. C19S1. 
24. Preiser, H., Anal. Chem., 38, 131 R(136S). 
25. Martin, A." J. P. and R. L, M. Synge. Biochem. J., 
35^ 1358 (1941). 
26. Mayer, Stanley, W. and Edward R. Tompkins. J. Am. Chem. 
8oc., 69, 2866 (1947). 
27. Berg, E. W. Physical and Chemical Methods of 
Separation. New York. N.Y. McGraw-Hill Book 
Comp any, Inc. c1963. 
28. Glueckauf, E., Discussions Faraday Soc., _7, 238 (1949). 
29. Keulemans, A. I. M. Gas Chromatography. 2nd ed. 
New York, N.Y. Eeinhold Publishing Corp. 1959. 
30. Van Beemter, J. J.. F. J. Zuiderweg and A. Klinkenberg, 
Chem. Eng. S ci., _5^, 271 (1956). 
31. Giddings, J. Calvin. Dynamics of Chromatography. Part 
1. Principles and Theory. New York, N.Y. Marcel 
Dekher, Inc. 19S5. 
32. Diehl, H. and G. Frederick Smith. Quantitative Analysis 
New York, N.Y. John Wiley and Sons, Inc. cl952. 
33. Fritz, James S., Janet E. Abbink, and Marilee A. Payne, 
Anal. ' Chem. . 33'. 1381 (1961). 
75 
34. Sill, C. W. and H. E. Peterson. Anal. Chem.. 24, 1175 
(1952). ' ' 
35. Jezowska,-Trzebiatov/ska. J. and M. Cbmielowska, 
J. Inorg. Nucl. Chem., 20, 106 (1961). 
36. Schneider, R. A. and K. M. Harmon. Analytical Solvent 
Extraction. Analytical Technical Manual. U.S. Atomic 
Energy Commission Report EW-53368 [Hanford Atomic 
Products Operation, Richland. Washington]. 1961. 
37. Bradley, D. Properties of Hexane in Relation to its 
Use for Uranyl Nitrate Extraction. Atomic Energy 
Research Report AERE-CE/E240S [Great Britain Atomic 
Energ;/ Research Establishment, Harwell, Berks, 
England]. 1958. 
38. Kooi, J., Proc. Intern. Conf. Peaceful Uses At. Energy, 
Geneva, 1955, %, 309 (1956). 
39. Rydberg. J. and B. Bernstrom. Acta Chem. Scand., 11, 
86 (1957). 
40. Booman, Glen L. and James E. Rein. Uranium. In 
M. and Philip J. Elving, eds. Treatise 
on Analytical Chemistry. Part 2. Vol. 9. pp. 32-33, 
New York, N.Y. Interscience Publishers, Inc. cl962. 
41. Ahrland. 8., I. Grenthe. and B. Korea., Acta Chem. 
Scand.,"14, 1059 (1960)i 
42. Ahrland, S., I. Grenthe. and B. Noren, Acta. Chem. 
Scand. , -14, ' 1077 (1960) '. 
43. ' Bugger, Donald L., Jimmy H. Stanton, Bobby N. Irby, 
Bobby L. McConnell, William W. Cumming and Russel W. 
Maatman, J. Phys. Chem. , 757 (1964) . 
44. Vydra, F., Anal. Chim. Acta, 38, 201 (1967). 
45- Dolezal. J.. J. Petrekova and Z. Sulcek, Microchim. 
Acta., No. 1-2 , 248 (1966). 
46. Hultgren, A. and E. Eaeffner, Proc. 2nd Intern. Conf. 
Peaceful At. Energy. Geneva, 1958, 17, 324 (1958). 
47. Eaeffner. E. and A. Hultgren. Nucl. Sci. Eng., _3, 
471 (1958). 
48. Saniuelson, Olof. Ion Exchange Separations in Analytical 
Chemistry. New York, N.Y. John Wiley and Sons. Inc. 
C1963. 
49. Hale, D. K., Research, _9, 104 (1956). 
50. Miller, J. R., Chen, and Ind., 606 (1957). 
51. Schmv'cklsr, G. , Talanta, 12, 281 (1965). 
52. Trostyanskoya, E. B.. I. ?. Losev. and A. I. Tevlina, 
J. Anal. Cheia. TJ.3.s',R., 11. 617 (1956). 
53. Markel, J. and J. Chenelicek, Coll. Czech. Chera. Comm.. 
3881 (1966). ' 
54. Bergman. J. I. and Yoshiaki Murata. J. Am. Chem. Soc.. 
74, 1867 (1952). 
55. Walsh, Edward N., Thomas M. Beck, and A. D. F. Toy, 
J. Am. Chem. Soc., 78, 4455 (1958). 
56. Kennedy. J. and V. J. Wheeler. Chem. and Ind., 1577 
(1959).' 
57. Kennedy. J.. J. Marriot and V. J. Wheeler. J. Inorg, 
Nucl. Chem. ^ 269 (1961) . 
58. McMaster, Elmer L. and ¥m. K. Gasner. Cation Exchange 
Resins from Vinyl Aromatic Copolymers. U.S. Patent 
2.764.561-64. Abstracted in Chemical Abstracts.. 51-, 
2874i (1957). 
59. Kennedy, J. and R. V. Davies, Chem. and Ind., 378 (1956). 
60. Marhol, Milan.- J. Appl. Chem., 16. 191 (1966). 
61. Kennedy, J., R. V. Davies, and B. K. Robinson. 
Separation of Heavy Metals with Acid Alkyl Phosphate 
and Phosphonate Resins. Atomic Energy Research 
Report AERE-C/R 1896 [Great Britain. Atomic Energy 
Research Establishment, Harwell, Berks, England]. 1956. 
62. Kraus, K. A. and H. O. Phillip. J. Am. Chem. Soc., 78, 
694 (1956). 
63. Amphlett, C. B., L. A. McDonald, and M. J. Redman, 
J. I nor g • jS~ucl. Chem. , _6, 220 (1958) . 
77 
64. Aberti, G. and A. Conte, J. ChroiRatog. , _5, 244 (1351). 
65. Amphlett, C. B.. L. A. McDonald, J. S. Burgess, and 
J. C. Maynard. J. Inorg. Ivacl. Cheia. , 10, 69 (1959). 
66. Davldova. E. G. and V. V. Hachinski, Russian Chem. 
Rev., 34^ 104 (1965). 
67. Carsten, Mary E. Ion Exchange Celluloses: Bibliography. 
Richmond, California. Bio-Rad. _ca. 1962. 
68. Whatman Bibliography of Separation of Biochemically 
Important Substances on Ion Exchange Celluloses. 
Clifton, îTev; Jersey. Reeve Angel. _ca. 1965. 
69. Serva Cellulose Ion Exchangers. Revised ed. Long 
Island, N.Y, Gallard-Schlesinger Chemical Mfg. 
Corp. 1965. 
70. Muzzarelli . R. A. A. . Talanta, 13 . 193 (1966). 
71. Muzzarelli , R. A. A., Talanta. 13 , 809 (19GG). 
72. Muzzarelli , R. A. A., Talanta, 14 , 85 (1967). 
73. Muzzarelli , R. A. A., Talanta. 14 . 305 (1957). 
74. Muzzarelli , R. A. A., Anal. Ch im. Acta . 38. 21 3 (1967). 
75. Muzzarelli , R. A. A., Talanta. 14 . 489 (1967). 
76. Guthrie. J ohn D. . Ind . Sng. Ch em. , 44. 2187 (1 952). 
77. Jurgens, J alia n F - J . David R eid , and John D. Guthrie, 
Textile Research J. , _18. 42 (1948) 
78. Daul, George C., J. David Reid, and Robert M. Reinhardt, 
Ind. Sng. Chem. , 1042 (1954) . 
79. Muendel, C, H. and W. A. Selke. Ind. Eng. Chem., 47, 
374 (1955). 
80. Head, A. J., N. F. Kember, R. P. Miller and R. A. Wells 
J. Chem. Soc., 3418 (1958). 
81. Lederer. M. and V. Moscatelli. J. Chromatog.. 13, 194 
(1964).' 
82. Lederer, M. and L. Osscini, J. Chroisatog. , 22, 220 (1966) 
83. Kember, N. F. and R. A. Wells, Nature, 175, 512 (1955). 
84. Bruce, T. and R. W. Ashley. Analyst, 92, 137 (1957). 
85. Goode. G. C. and M. C. Camcbell, Anal. Chim. Acta. 27, 
422 (1962). 
86.• Easega^a, Suniheko, Rep. Fac. Sci.. Shizuako Univ., _1, 
29 (1965). Original not available: abstracted in 
Nuclear Science Abstracts. 20, 31324 (1966). 
87. Head, A. J., N. F. Kember, R. P. Miller and R. A. Wells. 
J. Appl. Chem. , _9, 599 (1959) . 
88. Cerrai. S. and G. Ghersini. J. Chromatog.. 15. 236 
(1964): ' ' 
89. Cerrai, S. and G. Ghersini, J. Chromatog., 24, 383 (1966) 
90. Lieser. IC. H. and H. Bernard. Z. Anal. Chem.. 219, • 
401 (1966). 
91. Eelfferich. Friedrich. Ion Exchange. New York, N.Y. 
McGraw-Hill Book Company, Inc. cl962. 
92. Eamilton, Paul B.. Donald C. Bogue and Robert A. 
Anderson, Anal. Chem., 3^, 1752 (1960). 
93. Mann, C. K. , J. Chromatog. , _1, 386 (1958) . 
94. Whatman Technical Bulletin C5. Clifton, Mew Jersey. 
Reeve Angel. _ca. 1965. 
95. Knight. C. S.. V. C. Weaver, and B. N. Brook, Nature, 
200, 245 (1963). 
96. Schwarzenbach, Gerold and Harry Irving. Complexo-
metric Titrations. New York, N.Y. Interscience 
Publishers. Inc. cl957. 
97. Diehl, Harvey. Calcein, Calmagite and a,g'-Dihydroxy-
azobenzene. Titrimetric, Coloriraetric and Fluorometric 
Reagents for Calcium and Magnesium. Columbus, Ohio. 
The G. Frederick Smith Chemical Company. cl964. 
79 
98. Fritz, James S., Eicha.rd L. Oliver and Donald J. 
Pietizyk, Anal. Chem., 1111 (1958). 
99. Heitner-Yfirgium, C. and V. Urbach. J. Phys. Chera. , 
69, 3400 (1965)i 
100. Persoz, Jeannie and Robert Rosset, Bull. Soc. Chim. 
France, 2197 (1964). 
so 
AClŒOTfLEïX^TylENTS 
I wish to thank Dr. James S. Fritz for his advice 
and valuable aid not only in this project, but also in 
every phase of my graduate studies. The understanding 
and encouragement ox my wife, Marty, were indispensible 
to the completion of this project. 
